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The existence of binary supermassive black holes (SBHs) is predicted by
models of hierarchical galaxy formation. To date, only a single binary
SBH has been imaged, at a projected separation of 7.3 parsecs. Here we
report the detection of a candidate dual SBH with projected separation
of 0.35 pc in the gas-rich interacting spiral galaxy NGC 7674 (Mrk 533).
This peculiar Seyfert galaxy possesses a ∼0.7 kpc Z-shaped radio jet; the
leading model for the formation of such sources postulates the presence of
an uncoalesced binary SBH created during the infall of a satellite galaxy.
Using very long baseline interferometry (VLBI), we imaged the central
region of Mrk 533 at radio frequencies of 2, 5, 8 and 15 GHz. Two, possibly
inverted-spectrum radio cores were detected at 15 GHz only; the 8 −
15 GHz spectral indices of the two cores are ≥ −0.33 and ≥ −0.38 (±30%),
consistent with accreting SBHs. We derive a jet speed ∼ 0.28c from multi-
epoch parsec-scale data of the hotspot region, and a source age ≥ 8.2 ×
103 yrs.
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Mrk 533 (a.k.a. NGC 7674) is a nearby (z = 0.028924, luminosity distance DL ≈ 116
Mpc) luminous infrared galaxy (LIRG). LIRGs have infrared (8− 1000 µm) luminosities in
the range 1011−1012 L and are interacting systems.1 Mrk 533 is the brightest member of the
Hickson 96 compact galaxy group consisting of four galaxies.2 Clear tidal tails are observed
in the Digitized Sky Survey3 images and it appears that a merger with a small neighboring
galaxy is in progress. Mrk 533 has been classified as a Seyfert type 2 active galactic nucleus
(AGN); i.e., its spectra exhibit narrow emission lines of velocity width ∼ 100−1000 km s−1.
AGN are believed to result from mass accretion on to supermassive black holes (SBHs) with
masses 106 M <∼ M• <∼ 109 M; the emission lines in the spectra are believed to be emitted
from gas clouds orbiting the SBH−accretion disk system in regions of sub-parsec size (the
broad emission line region, BLR) or at distances of hundreds to thousands of parsecs (the
narrow emission line region, NLR). While Mrk 533 is a nearly face-on spiral galaxy, its optical
spectrum shows a broad Hβ line in polarized emission,4 implying that the view of the central
AGN, specifically the BLR is obscured, presumably by a dusty torus.
Hierarchical models of galaxy formation predict that spiral galaxies merge to form ellip-
tical galaxies, leaving two or more SBHs in the center of the merged elliptical.5 The host
galaxies of nearby Seyfert galaxies, which are spiral in nature, are expected to evolve via
minor mergers.6 Since small galaxies are believed less likely to contain massive SBHs than
massive galaxies,7 it is not a priori clear whether Seyfert galaxies should ever host binary
SBHs. Nevertheless we report here the detection of sub-parsec-scale dual radio cores which
we interpret as a binary SBH in the interacting Seyfert galaxy Mrk 533.
Mrk 533 has radio jets on the∼700 parsec scale.8 In this paper, we present multi-frequency
parsec-scale data on Mrk 533 acquired with the Very Long Baseline Array (VLBA), show-
ing the presence of two compact radio components. We adopt the following cosmological
parameters: H0 = 73 km s
−1 Mpc−1, Ωmatter = 0.27 and Ωvacuum = 0.73. At the distance of
Mrk 533, 1 arcsecond corresponds to 0.533 kpc. The radio spectral index, α, is defined such
that flux density, Fν , at frequency ν is Fν ∝ να.
I. RESULTS
Momjian et al.8 argued that the AGN in Mrk 533 was located along a line connecting
the two strongest sources, which they labeled “C” and “W”, and that those two, kiloparsec-
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scale features were radio lobes or hot spots created by the AGN. However, no radio core
was detected by them in their very long baseline interferometry (VLBI) data at 1.4 GHz.
We looked at recently acquired Expanded Very Large Array (EVLA) A-array 15 GHz data,
at a resolution of ∼100 milliarcseconds (mas), in the NRAO archive. We found that the
radio core that was missing in the 1.4 GHz data of Momjian et al.8 is now clearly detected
at 15 GHz (Figure 1), implying that it has an inverted spectral index (see the Methods
section).
In our new ∼1 mas resolution VLBI image at 2 GHz, we detect the south-east and north-
west hotspots (Figure 2), corresponding to the C and W components of Momjian et al.8;
for ease of comparison, we will continue to refer to them as the C and W components,
respectively. In addition, we detect two radio cores at 15 GHz along the connecting line
between C and W, and coincident with the ∼100 mas radio core (Figures 3, 2, 1). The
eastern and western cores (C1, C2) are detected at the 4 to 5σ level. Their positions are:
right ascension (RA) 23h 27m 56.70060s, declination (DEC) 08◦ 46′ 44.21208′′, and RA 23h
27m 56.70055s, DEC 08◦ 46′ 44.21213′′. The projected separation between the two cores
is 0.65 mas, or 0.35 parsec at the distance of Mrk 533. They are ≈ 14.0 ± 0.4 mas and
≈ 6.0 ± 0.4 mas away in RA and DEC, respectively, from the peak position of the EVLA
core region, whose size is 100 mas × 20 mas. The integrated flux density of the EVLA core
region (= 1.88 ± 0.02 mJy) is nearly equal to the sum of the integrated flux densities of the
two VLBI cores (= 1.8 ± 0.5 mJy), implying that, going from ∼100 mas to ∼1 mas scales,
nearly all of the compact core emission is accounted for.
Spectral index images between 2 − 5 GHz and 5 − 8 GHz indicate that components C
and W have steep radio spectra, consistent with optically thin synchrotron jets. For the
cores detected only at 15 GHz, the 8 − 15 GHz spectral index, derived using four times
the r.m.s. noise in the 8 GHz image, is ≥ −0.33 and ≥ −0.38 for the eastern and western
core components, respectively. The errors in these spectral index values could be 30% or
larger (see the Methods section). Since the cores are not detected at frequencies equal to or
lower than 8 GHz, they have inverted spectra at these frequencies, as are typically observed
in AGN cores.10,11 This implies that the synchrotron self-absorption (SSA) turnover may
have occurred around or below 15 GHz in this source, similar to GHz peaked spectrum
(GPS) sources12 (see Figure 5). The inverted spectra could also be a consequence of free-
free absorption (FFA), as suggested by Momjian et al.8 While there is insufficient spectral
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index information for the cores in the self-absorbed regions to distinguish between the SSA
and FFA mechanisms, their high brightness temperatures (see below) support the SSA
mechanism for the inverted spectra.
The brightness temperature, estimated using the relation in Ulvestad et al.13 for an
unresolved component, is ∼ 5.8 × 107 K for the eastern core. As the minor axis of the
western core could not be deconvolved from the beam in the Gaussian-fitting software (see
the Methods section), we used the beam minor axis to obtain its brightness temperature: it
was > 1.6× 107 K assuming an unresolved component. These high brightness temperatures
are indicative of non-thermal emission as observed in the unresolved bases of radio jets in
AGN.
While radio supernovae or supernova remnants are known to possess sizes (∼ 0.1 −
0.5 pc)14 and brightness temperatures (>∼ 107K)15 similar to the two radio cores, the accurate
positional and flux density constraints relative to the EVLA core region make them unlikely
candidates for the two cores in Mrk 533. The implied “inverted” spectra of the two compact
features do not favour a one-sided core-jet structure or two hotspots of a single radio AGN;
compact jet components or hotspots typically have relatively flat spectra. Furthermore, the
probability of finding two spurious 5σ noise peaks at the positions of the cores is < 0.4% (see
the Methods section). On the other hand, the positional coincidence of the two cores with
the 15 GHz EVLA core region; their high brightness temperatures; and the implied, inverted
spectral indices, are all consistent with the two cores being two accreting SBHs. This would
make the AGN in Mrk 533 the binary SBH having the smallest observed separation to date.
In fact, the only other parsec-scale binary that has been imaged is in the radio galaxy
4C +37.11 (B2 0402+37) which is hosted by an elliptical galaxy; the projected separation
is 7.3 pc.16 A 0.1 pc separation binary was inferred from the presence of two BLRs in the
quasar SDSS J153636.22+044127.0 by Boroson & Lauer17 (however see18,19).
A. Black Hole Masses
Woo & Urry20 measured a central velocity dispersion of the stars in Mrk 533 of 144 km s−1;
assuming that the SBH in this galaxy respects the M•−σ relation21 they inferred a SBH mass
of ∼ 3.63× 107 M. They also estimated the bolometric luminosity of the AGN using flux
integration to be Lbol = 1.41× 1045 erg s−1. This implies that the source has an Eddington
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luminosity (≡ 1.25× 1038(M•/M) erg s−1) of ∼ 4.54× 1045 erg s−1 and an Eddington ratio
(i.e., the ratio of bolometric luminosity to Eddington luminosity) of ∼0.3. This would place
Mrk 533 at the high end of Eddington ratio distribution for Seyfert galaxies.22 While the
distance of the radio “core” from the SBH is still an open question, Hada et al.,23 found it
to be between 14 − 23 gravitational radii (Rs ≡ 2GM•/c2) in the radio galaxy M87. If we
assume that the radio core in Mrk 533 is similarly at a distance of 10Rs, this translates to
a spatial extent of 35 microparsecs (= 7.2 AU). This rules out the possibility that the two
radio cores in Mrk 533 are the bases of the jet and counterjet from a single AGN.
The sizes of BLRs in Seyferts range from 10 − 20 light days,24,25 making them much
smaller than the separation of our putative binary (∼ 420 light days). If the two SBHs are
similar in terms of their masses and emission properties, double-peaked emission lines should
have been visible from the individual BLRs around the two SBHs. However, the polarized
broad-line spectrum of Miller & Goodrich4 shows the broad lines to be relatively narrow
(∼ 2000 km s−1), making it difficult to identify small splits in their peaks; the presence
or absence of double peaks cannot be confirmed with those data. Sizes of NLRs are much
larger than the binary separation, and the gas making up the two NLRs would be expected
to have merged, consistent with the absence of double-peaked narrow emission lines.
A massive binary at the center of a galaxy is deemed “hard” if its separation is less than
∼ ah, where26
ah =
Gµ
4σ2
≈ 0.27 (1 + q)−1
(
M2
107M
)(
σ
200 km s−1
)−2
pc. (1)
Here, q ≡M2/M1 and µ ≡M1M2/(M1+M2), where M1 and M2 are the binary’s component
masses. Setting M1 +M2 = 3.6× 107M and σ = 144 km s−1 yields ah ≈ 0.47 pc assuming
q = 1 (ah ≈ 0.85 pc assuming q = 0.1). Given our estimated projected separation of 0.35 pc,
it is reasonable to conclude that the binary is roughly at the hard-binary separation. A
separation ∼ ah is where a massive binary in a stellar nucleus would be expected to “stall,”
since at this separation the binary is able to eject from the nucleus stars that interact
closely with it, shutting off the gravitational slingshot interactions that would allow further
hardening.26
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B. Jet Speed and Source Age
In order to determine the jet speed in Mrk 533, we obtained archival VLBI data at 5 GHz
from 199827 and looked at the C hotspot region to see if any jet knots were moving toward
this hotspot (HS). This was found to be the case for knots J1 and J2 (see Figure 6). We
could not use the RA and DEC positions for the knots though, as the 1998 experiment
was not phase-referenced. We therefore used the relative separation between knots J1 and
J2 in 1998 and then in 2002 (current project). We found a jet speed of 0.28c, a value
consistent with other Seyfert jet speed estimates in the literature.9,28 As the jet speeds at
jet launching sites are presumably larger than the ones estimated at hotspots, due to the
expected deceleration, the kiloparsec-scale jet speed derived above is likely to be a lower
limit. Using the jet speed of 0.28c and jet extent of 0.7 kpc, we derive a lower limit for the
source age to be 8.2 × 103 yrs. This estimate is consistent with the Mrk 533 being a GPS
source, which are typically young. Using the European VLBI Network (EVN) at 1.5 GHz
(resolution ∼ 30 mas), Middelberg et al.29 estimated the hotspot advance speed in Mrk 533
from the relative separation of components C and W between the years 1985 and 1999, to
be 0.92c. Even though the jet speed estimated above (0.28c) is a lower limit, it can be used
in conjunction with the hotspot advance speed of 0.92c to derive the ratio of the jet density
to the ambient density η ≡ ρjet/ρamb using simple one-dimensional momentum conservation
arguments.30 The resultant η = 2 implies a ‘heavy’ jet. Alternately, the simple momentum
conservation arguments may not fully apply if the jet propagation direction is changing. Our
1998 image also showed a jet component beyond the hotspot C: this knot (J0 in Figure 6)
which should be moving away from the hotspot, is not observed in 2002. Presumably it has
moved, expanded and faded in intensity.
C. The Z-Shaped Morphology
That Mrk 533 contains an uncoalesced, binary SBH is also suggested by the Z-shaped
morphology of the radio source on kiloparsec scales. Momjian et al.8, Gopal-Krishna et al.31
and Zier et al.32 have argued that radio sources associated with a galactic merger, in which
both galaxies contain a SBH, should evolve along a Z→X morphological sequence; transition
to an X-shaped source occurs after the two SBHs coalesce and undergo a spin-flip.33 Prior to
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coalescence, the radio jets associated with the active SBH are influenced by hydrodynamic
forces, either from gas brought in with the secondary galaxy, or ambient gas that is perturbed
by it; this gas circulates within the larger galaxy and its angular momentum will typically
be mis-aligned with respect to the original jet direction, i.e., the spin axis of the active SBH.
Pressure forces from the rotating gas can push the jets apart, so that they come to constitute
the two parallel arms of the Z.34 If the binary SBH manages to overcome the “final-parsec
problem”35 and coalesce, a spin-flip can occur when the larger SBH absorbs the smaller
SBH. The accretion disk, which determines the jet direction, will then re-orient with respect
to the new SBH spin direction via the Bardeen-Petterson effect.36 If this reorientation is
sufficiently rapid, the result will be an X-shaped source, with the two arms of the Z now
comprising the passive lobes, or “wings,” of the X.
In this picture, the NE and SW lobes of Mrk 533 would originally have been co-linear with
each other and with the spin axis of the larger SBH, before being displaced by hydrodynamic
forces. We have argued based on the VLBI images that the current jet direction is not parallel
to the two lobes. Some mechanism must therefore have acted to rotate the small-scale jet –
which appears to be generated in the eastern core – in an anti-clockwise direction compared
with its original orientation. This would be consistent with the hotspots having steep radio
spectra (< −1, see Figure 4; also Middelberg et al.29), since the working surface for the
terminal jet shock is constantly moving, albeit slowly.
One mechanism capable of changing the spin axis of the SBH is “geodetic” precession
due to spin-orbit (Lense-Thirring) torques from the orbiting SBH. The timescale for the spin
axis of the primary SBH to precess due to torques from the second SBH is26
Tprecess ≈ 1− e
2
2q
(
a
RM
)3/2 a
c
≈ 3× 107yr q−1
(
a
0.35pc
)5/2 (
M•
5× 107M
)−3/2
(2)
where M• is the mass of the precessing SBH, q ≡M2/M• is the mass ratio, RM ≡ GM•/c2 is
the gravitational radius of the precessing SBH, a is the semi-major axis of the binary orbit
and e is the orbital eccentricity. Due to the strong a− dependence of Tprecess, precession
would be expected to “turn on” suddenly as the two SBHs come together.
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D. Gravitational Wave Signal
At a distance of ∼ 116 Mpc, the binary SBH in Mrk 533 would be a factor of two nearer to
the Earth than the binary imaged by Rodriguez et al.,16 and much nearer than the putative
close binaries in the blazars OJ 28737 or PG 1302−102,38 both of which are at redshifts
z ≈ 0.3. In spite of its nearness, the wide separation (∼ 1 pc) inferred for our binary
implies an orbital frequency that is too low for effective detection by existing or planned
gravitational wave detectors. A Keplerian binary has inverse period
P−1 ≈ 3× 10−12
(
M1 +M2
108M
)1/2 (
a
pc
)−3/2
Hz. (3)
The peak sensitivity of a pulsar timing array (PTA) occurs at a frequency that is roughly
the inverse of the time over which pulsar timing data has been collected; that time is now
roughly 10 yr corresponding to a frequency of ∼ 3× 10−9 Hz 39. Given current sensitivities,
PTAs can detect individual sources at ∼ 102 pc distances only if they are both massive
(>∼ 109M) and compact (semi-major axis a <∼ 10−2 pc)40,41 meaning that the putative
binary in Mrk 533 would likely be detectable only as one among thousands that contribute
to the stochastic GW background.42 Prospects for detection would be even worse in the
case of a space-based interferometer like the proposed eLISA, which would be sensitive to
∼ 108M binaries only with frequencies above ∼ 10−5 Hz 44.
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TABLE I: Source Parameters
Comp Freq Ipeak Ftotal a× b a× b
(GHz) (mJy beam−1) (mJy) (mas×mas) (pc×pc)
C 2.3 8.8±0.1 36.2±0.6 ... ...
5.0 1.8±0.1 18.7±0.7 ... ...
8.4 0.77† ± 0.09 2.8±0.6 ... ...
W 2.3 2.0±0.1 13.6±0.5 ... ...
5.0 0.42±0.09 2.5±0.6 ... ...
8.4 < 0.10‡ < 0.10‡ ... ...
Core−East 15.4 0.7±0.2 0.9±0.4 (1.0×0.2)a (0.5×0.1)
Core−West 15.4 0.8±0.2 0.9±0.4 (1.2×0.7)a (0.6×0.4)
Column 1: C is the south-east “hotspot-jet” structure, W is the north-west “hotspot-jet”
structure. Column 2: Frequency of observation in GHz. Column 3: Peak intensity with
error. † = the peak intensity is not from the exact hotspot position but another peak in
the same structure. ‡ The r.m.s. noise in the image. Column 4: Total flux density and
error; this is for the entire structure in case of C and W components. Columns 5 & 6:
Major and minor axes of the deconvolved core sizes in milliarcseconds and parsecs,
respectively. a Errors in the convolved core sizes are of the order of 0.5 mas and 0.2 mas
for the major and minor axes, respectively.
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FIG. 1: 15 GHz contour image of Mrk 533 from the EVLA in the A-array
configuration showing the C and W hotspots as well as a ∼ 100 mas radio core
detected for the first time in this galaxy. The beam plotted in the bottom left corner
is of size 108 mas × 103 mas at PA= −32◦. The contours are in percentage of the peak
surface brightness (= 5.72 mJy beam−1) and increase in steps of
√
2, with the lowest
contour level being ±2.8%. The r.m.s. noise in the image is ∼ 1.0× 10−5 Jy beam−1. The
red cross denotes the position of the eastern radio core, with the VLBI synthesized beam
multiplied by a factor of 25. Dashes represent negative contours in this and other contour
images. Right Ascension in all contour images is in hours : minutes : seconds, Declination in
degrees : arcminutes : arcseconds.
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FIG. 2: VLBA contour image at 2 GHz showing the South-East (C) and
North-West (W) hotspots, along with the position of the cores detected at 15
GHz as a cross. This image was obtained directly from phase-reference visibilities and is
not self-calibrated. The cross denotes the position of the eastern radio core, with the
15 GHz beam multiplied by a factor of ten. The 2 GHz beam is shown in the lower left
corner; it has a size of 0.98 mas × 0.39 mas at PA=−8◦. The contours are in percentage of
the peak surface brightness (= 8.78 mJy beam−1) and increase in steps of
√
2, with the
lowest contour level being ±5.6%. The r.m.s. noise in the image is
∼ 1.0× 10−4 Jy beam−1.
15
C1 C2D
ec
lin
at
io
n 
(J
20
00
)
Right Ascension (J2000)
23 27 56.70075 56.70065 56.70055 56.70045
08 46 44.215
44.214
44.213
44.212
44.211
44.210
FIG. 3: VLBI images showing the two cores (C1, C2) detected at 15 GHz. The
peak intensity is 0.74 and 0.76 mJy beam−1 for C1 and C2, respectively (see Table 1). The
contour levels are ±0.655, 0.748, 0.855 mJy beam−1, while the beam plotted in the bottom
left corner is of size 0.7 mas × 0.7 mas. The r.m.s. noise in the image is
∼ 2.0× 10−4 Jy beam−1.
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FIG. 4: A 2− 5 GHz spectral index image of the two hotspots. a, Southeast
hotspot. b, Northwest hotspot. The 2 GHz contours are in percentage of the peak
surface brightness (= 8.78 mJy beam−1) and increase in steps of
√
2, with the lowest
contour level being (a) ±5.6% and (b) ±4.0%, respectively. The r.m.s. noise in the 2 GHz
image is ∼ 1.0× 10−4 Jy beam−1. The beam plotted in the bottom left corner is of size
9.8 mas × 3.9 mas at PA= −8◦. The color bar indicates the range of spectral index values.
Typical uncertainty in the spectral index is ∼ 20%.
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FIG. 5: Radio spectrum of the two VLBI cores in Mrk 533, which are only
detected at 15 GHz. Data points or the 4σ upper limits are shown as filled circles. The
total flux densities of the cores have an error of ≈35%. The lines show the
spectra/spectral-fits from the GPS sources J005427−341949 (solid line) and
J181225−712006 (dot-dashed line) from Hancock et al.12.
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FIG. 6: 5 GHz contour images of the SE hotspot region of Mrk 533 from 1998
and 2002. The hotspot and various jet knots are labelled as HS, J0, J1 and J2. A jet
speed of 0.28c was derived from the relative separation between jet knots J1 and J2. The
contour levels are in percentage of peak surface brightness and increase in steps of 2: the
peak surface brightness and lowest contour levels are (a) 8.65 mJy beam−1, ±2.8%, and
(b) 1.79 mJy beam−1, ±11.3%, respectively. The r.m.s. noise in the images is (a)
∼ 1.1× 10−4 Jy beam−1 and (b) ∼ 1.4× 10−4 Jy beam−1. The beam plotted in the
bottom left corner is of size 4.2 mas × 1.7 mas at PA= −6◦.
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II. METHODS
A. Radio Data Reduction: VLBI
We have carried out phase-referenced VLBI observations at 2.3, 5, 8 and 15 GHz using
9 antennas of the VLBA on August 28, 2002 (Project ID: BV045). The Brewster an-
tenna could not participate in the experiment due to a power supply failure. The target
and the phase calibrator (J2329+0834) were observed in a 2 − 7 − 2 min nodding cycle,
with the total time on source ranging from ≈1.6 hours at 15 GHz and ≈1.4 hours at
2 GHz. We note that the choice of the long nodding cycle was driven by practical con-
straints (filling a complete pass of the data tape of 44 mins at all the four frequencies),
as well as the science goals of the original proposal, which were to obtain good astromet-
ric measurements in order to determine the jet speeds around the bright “C” component.
The data were reduced following standard procedures in the Astronomical Image Process-
ing System (AIPS; see http://www.aips.nrao.edu/CookHTML/CookBookap3.html#x177-
397000C). Ionospheric dispersive delays were corrected from maps of total electron content
using the AIPS procedure VLBATECR. Images were made directly from the phase-referenced
visibilities using the AIPS task IMAGR; no self-calibration was performed. All images pre-
sented in this paper were created using natural weighting with ROBUST parameter = 5.
The radio cores at 15 GHz are also detected in images made with uniform weighting using
ROBUST=−5. The final r.m.s. noise in the images varies between ∼ 1.0× 10−4 Jy beam−1
at 2 GHz, and ∼ 2.0 × 10−4 Jy beam−1 at 15 GHz, respectively. The flux densities, sizes
and positions of the compact components were obtained using the AIPS Gaussian-fitting task
JMFIT, while AIPS verbs TVWIN and IMSTAT were used to derive the flux densities of extended
components. The major and minor axes corresponding to the size of the core components,
as listed in Table 1, are deconvolved from the beam in JMFIT. For the western core, the
minor axis could not be deconvolved in JMFIT; we therefore used the 15 GHz beam minor
axis for the core size instead. The spectral index and spectral index noise images were made
using the AIPS task COMB, after first registering the source positions with OGEOM (using the
brightest, most compact feature, which was the hotspot), the two frequency images made
with identical beams (matching the lower resolution image) in IMAGR. Flux density values
below 3σ at both frequencies were blanked before creating the spectral index images.
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B. Radio Data Reduction: EVLA
We have reduced 15 GHz data from the Expanded Very Large Array (EVLA) in the A-
array configuration; these are archival NRAO data from project 14A-471 acquired on March
21, 2014. We calibrated the data using the Common Astronomy Software Applications
(CASA) package version 4.7.2. pipeline. Imaging and a round of phase self-calibration was
also done using CASA. The r.m.s. noise in the final 15 GHz image is ∼ 1.0× 10−5 Jy beam−1
(Figure 1). A radio core on the ∼100 mas scale is detected for the first time in this galaxy.
Since no radio core was detected at 1.4 GHz by Momjian et al.8, the core spectral index
is inverted; it is > +0.60 assuming 4 times the r.m.s. noise as the upper limit to the core
flux density at 1.4 GHz. The beam-deconvolved size of the EVLA core region, as derived
using the JMFIT task, is 100 mas × 20 mas. The brightness temperature of the radio core is
1.5× 104 K.
C. Probability of a Noise Peak Mimicking a Radio Core
In order to check the credibility of the core component(s), we estimated a surface density
of noise peaks in the 15 GHz image by dividing the number of noise peaks having a signal-
to-noise ratio ≥ 5 by the entire image (8192 × 8192 pixels, with pixel size = 0.13 mas).
We found ≈105 noise peaks in an image of size 1.065 × 1.065 arcsec2, resulting in a noise
peak surface density of ≈ 93 peaks arcsec−2. Considering then a stripe between the C and
W hotspots of length equal to the hotspot-hotspot distance (0.515 arcsec) and width equal
to the minor axis of the synthesized beam of the 2.3 GHz image showing these hotspots
(3.87 mas), ≈0.18 noise peaks should be expected in this region. That is, the probability
of finding a noise peak in this stripe between the two hotspots is ∼ 18%; the probability of
finding two noise peaks in this stripe is ∼ 3%.
We also created several fake u,v-datasets using the AIPS task DTSIM. The frequency
setup as well as the gains and system temperatures were made identical to the real data. A
source of flux density 0.9 mJy and RA, DEC offset of −0.203580, 0.082397 arcseconds from
the phase-centre was included in the fake data. We found that the noise peak distribution
was indistinguishable from the real data, implying that systematic noise effects were not
dominant in the real image. Similarly, the probability of finding two noise peaks in the
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stripe described above, varied between ∼ 3−6% for different datasets with slightly different
input noise levels.
The probability therefore that the core components are two spurious noise peaks at one
third the distance between the two hotspots is < 0.4%. We conclude that the two radio cores
cannot be random 5σ peaks in the 15 GHz image.
D. Spectral Index Errors
We estimated the 8 − 15 GHz spectral index limits using four times the r.m.s. noise in
the 8 GHz image (r.m.s. noise = 1.5× 10−4 Jy beam−1). Using five times the r.m.s. noise
gives spectral index limits of +0.03 and −0.02, while using three times the r.m.s. noise
gives spectral index limits of −0.82 and −0.86. This suggests that the errors in our spectral
index limit calculation are of the order of 30% or larger. However, the fact that the cores
are not detected at 8 GHz and lower frequencies, suggests that the overall core spectrum is
inverted. More data are needed to better constrain the turnover frequency.
The data that support the plots within this paper and other findings of this study are
available from the corresponding author upon reasonable request.
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